Objective
Computer assisted planning and simulation of operations gain in importance more and more, e.g. in craniofacial surgery [1] , neurosurgery [2] and orthopaedics surgery [3] [4] [5] [6] [7] . In orthopaedics, endoprostheses have to be selected and adjusted to the patient's anatomy apart from the simulation of the operation. Particularly, the construction of a modular, custom-made endoprosthesis is a complex and time-consuming process, that is essential for the primary stability of the implants.
In the past, several systems were developed to enable a computer assisted 3D planning of orthopaedic surgeries in virtual environments, mostly for total joint replacements or osteotomies [3] [4] [5] [6] [7] [8] . In [3, 6, 9] a hip implant navigation and guidance system called HipNav is described consisting of a preoperative planner, a range-of-motion-simulator and an intraoperative navigation and guidance system. During the preoperative planning phase of total hip replacements a 3D hip model is used to specify the size, location and orientation of the artificial hip joints, that are available in different standard sizes. Hence, only a selection of an appropriate implant is performed, and a construction of endoprostheses is not necessary. In [4] a system to plan of reorienting osteotomies of the proximal femur in cases of slipped capital femoral epiphysis is described. A system for advanced planning of pelvic osteomies is decribed in [8] . In [7] a surgical planning and guidance system for high tibial osteotomies was presented. Furthermore, virtual models of the human body are used to investigate orthopaedic surgical treatments on the ankle [10] and the knee [11] as well.
The presented system VIRTOPS has been developed to support the virtual operation planning and the construction of custom-made endoprostheses in bone tumor surgery. The orthopaedic intervention considered is mostly performed during the treatment of patients with malignant bone tumors or metastases in the hip. The life expectancy of the patients depends on the tumor type. The implantation of a hip endoprosthesis is indicated, if a bone tumor patient with a life expectancy of at least 6 months is no more able to walk and is in great pain. In many cases the acetabulum of the patient's hip is destroyed by the tumor. After the implantation of the custom endoprosthesis the patient is able to walk without help and the pain is reduced, significantly.
During the intervention a resection of the tumorous part of the pelvic bone and reconstruction of the hip with a individually adapted prosthesis is often necessary. Due to the complex geometry of the pelvis these operations and the construction of the implants can only be done with success after an exact 3D planning of appropriate cutting planes in the bone. Up to now the conventional planning at our department of orthopaedic surgery is done with solid 3D models of the pelvic bone produced by rapid prototyping from CT data [12] (Fig 1) .
The presented system VIRTOPS enables the virtual planning of interventions in bone tumor surgery based on multimodal image information and supports the construction of individually adaptable endoprostheses. To visualize the spreading of the tumor within the hip bone, a registration of CT and MR images as well as a segmentation of tumors and bone structures is needed. Hence, image processing functions for the extraction and registration of multimodal image data are integrated in the VIRTOPS system. The use and visualization of multimodal image information in combination with special functions for 3D interaction and optimization of the position and the geometry of the modular implants enables the support of the surgeon during the virtual planning process in a new quality. In comparison to the standard planning procedure using CT based solid 3D models or x-rays operations of bone tumors with hemipelvic replacement can be planned in a improved manner by taking the tumor spreading within the bone into account. The time needed for the planning and construction of the prostheses can be reduced significantly, and the design of the prosthesis is possible without the need to manufacture an expensive solid model of the patient's hip.
Materials and Methods
The virtual planning procedure is based on three-dimensional models of the bony structures and the bone tumor in the patient's hip. In addition to CT image data, in many cases multispectral MR image sequences of the hip region are available for tumor patients. This is motivated by the fact, that the bone tumor often can only be separated in MR images, while bony structures are represented in CT images with high contrast. The spatial structure of the hip bones and the tumor's position within the bone are of high importance for the planning of the operation. The essential pre-processing step for the generation of three-dimensional models is the segmentation of the image structures. Typically, the segmentation of the bones is performed based on the CT image sequence, while the bone tumor is extracted in the multispectral MR image sequences using cluster analysis techniques. For the combined display of the bones with the tumor the CT and MR image sequences have to be represented in one common coordinate system. Rigid 3D-3D registration algorithms as proposed by [13, 14] were adapted and extended to align the different 3D image data. Due to the local changes in the areas with soft tissues, in our approach the registration procedure is restricted to bony structures. In the next chapters (chapters 2.1. and 2.2) the used segmentation and registration algorithms are described in detail. After the generation of 3D models (chapter 2.3) the hip operation is simulated in the virtual 3D planning environment (chapter 2.4). After the tumorous parts is resected, special functions and visualization techniques are applied to support the custom-made design and the placement of the implant in the 3D scene (chapter 2.5).
Segmentation 2.1.1. Bone Segmentation
The virtual planning of an endoprosthetic reconstruction in bone tumor surgery requires the segmentation of several anatomical bone structures like the left or right hip bone, sacrum, femoral head etc. For the segmentation of these bone structures volume growing algorithms algorithms with interactively placed barriers are applied to the three-dimensional CT data: Starting from an interactively chosen seed point within the hip bone, a 3D connected component is extracted consisting of pixels with Hounsfield Units greater than a threshold t. While the sacrum is segmented using the threshold 100 t = HU, the other bone structures are characterized by Hounsfield Units greater than 150 t = HU. Two different threshold have been used, because the use of one global threshold 100 t = HU will lead to artifacts in the 3D model, while details of the sacrum are lost,, if all pixel greater than 150 t = HU are selected. Barriers are defined manually to limit the volume growing process to one anatomical structure. A barrier is generated by marking a line of pixels in an image. For example, barriers are placed between the hip bones and the sacrum or the femoral head and the acetabulum to avoid segmentation errors . The use of local barriers enables the user to control the accuracy of the bone segmentation especially in parts of the hip, which are essential for the construction of an individual endoprosthesis (eg. acetabulum and femur). However, the definition of barriers is very time-consuming and can take several hours depending on the number of CT images and the number of anatomical structures needed for the virtual planing procedure. As a result of the segmentation process a labeled image data set containing labels for the background, the left and right femur, the sacrum as well as the left and right hip bone is obtained, typically.
ROI based Bone Tumor Segmentation
For the 3D segmentation of the bone tumor in MR image sequences a ROI (region of interest) based cluster analysis technique has been developed. In the application, T1-and T2-weighted MR image sequences are generated. To compensate the patient's movements between the different MR measurements an automatic registration of the MR image data with the algorithms described in chapter 2.2 is performed. The aligned MR image sequences can be interpreted as a multispectral, three-dimensional data set with C channels representing each pixel by a C-dimensional feature vector.
The used cluster analysis approach combines the information of different image sequences to separate the tumor from the bone. In the first step of the segmentation process, one or several regions of interest (ROI's) are created within the tumor, interactively (Fig. 2) . Typically, rectangular ROI's consisting of r r × pixels (default: 5 = r ) are used. Then, the mean vector
and the inverse covariance matrix
are computed based on the vectors in the ROI's, and all pixels with feature vectors x similar to the mean vector µ are selected in the 3D data set, automatically. As similarity measure the Mahalanobis distance is used taking correlations and different variances of the pixel intensities in the channels of the multispectral image sequences into account to enables a specific discrimination of the tissue clusters in the feature space. All pixels with feature vectors x are selected, that are similar to the mean vector µ and fulfill the condition
is an interactively chosen threshold. The selection is performed in all slices of the three-dimensional, multispectral image data set to determine the spatial spreading of the tumor in the investigated body volume. To extract the tumor segments the 3D connected components of the selected pixels are computed by the system. In our clinic three-dimensional T1 and T2-weighted images are available for bone tumor patients, typically ) ( 2 C = . In the application, up to 10 ROIs consisting of 5 5 × pixels are defined in different slices by positioning the mouse pointer in the center of the ROI. During the determination of a suitable threshold t the user varies the threshold by manipulating a corresponding scroll bar and the selected pixels are marked in real-time in the original MR images. In all, 3-8 minutes are needed to select the ROIs and to define an suitable threshold t for the tumor segmentation, typically. A result of the ROI based cluster analysis of the multispectral MR image data is shown in figure 2 . The selected pixels have similar pixel vectors as the pixels in the ROIs. The spatial distribution of the tumor in the bone is shown in figure 3 displaying the segmented bone tumor within the transparent bone.
Automatic Registration of CT and MR Data
In the medical application considered, the main motivation for the use of the intra-patient registration of CT and MR data is to determine the location of the bone tumor within the bone. Therefore, a novel rigid body registration approach using segmentation results is realized. With rigid body registration algorithms as proposed by [13, 14] the optimal rotation and translation in space can be determined transferring the multimodal image data sets of one patient into a common coordinate system.
Strong changes of the position and shape of soft tissues occur between the MR and CT data generated by breathing artifacts sets, local movements etc.. However the positions of the bone structures and the tumor in the bone are not affected by these artifacts. Hence, in our approach the main step during the rigid registration is restricted to the bone structures segmented in the CT data (see chapter 2.1.1).
The registration task can be interpreted as an optimization problem. As an optimization criteria, the mutual information between the CT and the MR images is maximized as proposed by [13, 14] . Let the CT data set be denoted as reference volume u, while the (translated and rotated) MR data set is called test volume v. Then, the problem to find an suitable transformation Tˆ (translation and rotation) of the coordinates of the test volume (MR) to the coordinates of the reference volume (CT) can be described as an optimization problem: Find a rigid transformation
describes the mutual information, u(x) gives the grey value of the voxel at position x in the reference volume, v(T(x)) is the corresponding voxel grey value in the transformed test volume, and H denotes the entropy given by
In a first step, the CT and MR data volumes are resliced to cubic voxels with voxel size s using tri-linear or sinc interpolation, alternatively. The voxel size s is chosen as the minimum of the original voxel sizes of the MR and CT data sets.
Then, a multi-resolution matching strategy as proposed in [15] is used to improve the registration accuracy and to speed-up the iterative registration process. Here, four different resolution levels with the voxel sizes ,
Starting with a voxel size of 2 2 ⋅ ⋅ s the mutual information I of the CT and transformed MR data is maximized using the simplex algorithm. Then, the voxel size is enlarged and the iterative registration algorithm is repeated.
In our approach, only at the first three resolution levels the registration process is performed with the complete CT and MR image data set in order to achieve suitable starting values. Then, in the last step of the multi-resolution method only the bone structures in the CT data are considered and matched to the MR data at highest resolution with voxel size s. Therefore, in a pre-processing step all non-bone pixels are marked as background in the CT images before the registration procedure starts. By this technique the influence of varying positions of the soft tissues in both data sets to the similarity measure I is eliminated.
The effect of our modification of the registration procedure is illustrated in figure 4 . The result of the standard registration is compared with our approach restricting the registration procedure to bony structures in the last registration step. To illustrate the registration effect the transformed MR image is shown together with the contours extracted in the corresponding CT image in overlay mode. Our extension of the registration procedure leads to an improved alignment of the bony structures in the CT and MR images as shown in the magnified parts of the MR image. After the registration process the position of the segmented bone tumor can be visualized within the bones (Fig. 3). 
Generation of 3D models
Based on the segmented data surface-oriented, three-dimensional models are reconstructed using the marching cube algorithm [16] . The surface models are determined in the original data in order to obtain smooth surfaces. Furthermore, the generation of inner surfaces in the bone is avoided by labeling all pixels inside of the mask as object pixels. In the application considered the marching cube algorithm generates approximately 200.000 triangles to reconstruct the labeled bone structures. After the application of a decimation algorithm [17] the surface models consist of 80.000 triangles, typically (Fig. 4, left) . The generation and decimation of the 3D models is performed using the toolbox "Visualization Toolkit" (VTK) [18] .
Simulation of the Operation
In the virtual environment the surgeon is able to interact with the three-dimensional models. Translations, rotations and zooming operations as well as measurements of 3D distances, angles and volumes can be performed in the 3D scene. Slices of the original CT or MR image sequences can be displayed in combination with three-dimensional bone models. Furthermore, specific functions to support the surgical planning procedure as the interactive placement of cutting planes are available. In the following the main planning steps are illustrated by an example. The patient considered has a bone tumor in the right hemipelvis (Fig. 5) . The positioning of the cutting plane is the central task of the pre-operative planning procedure (Fig. 5, right) . The cutting operation can be restricted to a segmented anatomical part of the hip, that is selected beforehand by the user. The position as well as the inclination of the cutting plane are chosen interactively by the surgeon. After the cutting plane has been determined, the hip bone is resected and the tumorous part of the bone is removed. 3D input devices as well as stereoscopic visualization techniques can be used during the whole virtual planing process. Polarized glasses in combination with a z-screen are used to generate colored stereo images improving the visualization of depth in space (Fig. 6) . A space ball with six degrees of freedom facilitates the intuitive navigation by translation and rotation during the virtual planning procedure (Fig. 6) . Particularly, the 3D space mouse is used to define the position and inclination of the cutting plane in an intuitive way. Although the system can also be used with standard input/output devices, in our experience the use of a 3D mouse and stereoscopic visualization techniques facilitates the 3D interaction with the 3D models, especially the positioning of objects like cutting planes or parts of the endoprosthetic model in the 3D scene.
Computer-Assisted Placement and Design of the Endoprostheses
Furthermore, the system supports the custom-made design of the implant as well as the optimized placement of the prosthesis and screws. In order to establish appropriate relationships between the pelvic bone and relative orientations of implant components, a patient related coordinate system is needed. It is defined by four interactively selected landmarks: the left and right anterior superior iliac spine, the symphisis and the promontorium.
In the application considered, the central task is the design and positioning of the upper part of the prosthesis, that consists of four main components: central intramedullary stem, ground plane, fixation plate for the screws and artificial acetabulum (Fig. 7, left) . The 3D model of the individual prosthesis is constructed in several steps: The ground plane of the prosthesis is given by resection plane in the hip bone and depends on the position and inclination of the interactively defined cutting plane. The shape of the ground plane is calculated automatically as the intersection of the cutting plane and the hip bone.
Prototypes of the central intramedullary stem, the fixation plate and the artificial acetabulum are available as 3D models in the VIRTOPS system. Parameters of these implant components like the length of the stem or radius of the artificial hip joint can be defined interactively to generate suitable implant components for the individual case. The main task of the following construction process is to determine the positions and geometric arrangement of the stem, the fixation plate with the screws and the artificial hip joint.
The placement of the intramedullary stem is supported by two visualization techniques: In the first mode the distances between bone surface and the stem are computed and visualized on the bone surface using color maps. Hence, different positions of the intramedullary stem can be evaluated by the visualized distances. With the second visualization technique, the stem's position is displayed within the hip in a transparent mode (Fig. 8) . During the placement process the minimal distance between the stem and the hip surface is displayed simultaneously.
After the fixation plate for the screws has been positioned by mouse click at the resected hip bone, the plate is adjusted to the individual hip and takes its particular shape in the horizontal direction, automatically (Fig. 7, right) . To ensure that the implantation of the endoprosthesis was not impeded by the fixation plate, in the vertical direction the fixation plate is aligned with the constrain, that the minimal distance between the main axis of the fixation plate and the intramedullary stem is greater or equal their distance at the resection plane.
After the fixation plate for the screws has been positioned by mouse click at the resected hip bone, the plate is adjusted to the individual hip and takes its particular shape, automatically (Fig.  7, right) . To ensure that the implantation of the endoprosthesis was not impeded by the fixation plate, for any column from the footpoint (at the resection plane) to the top of the fixation plate the distance between plate and intramedullary stem must rise monotonous.
The position and orientation of the artificial hip joint is chosen in correspondence to the geometry of the healthy hip side (Fig. 9) . The rotation center of the artificial hip joint is calculated as the center of the femoral head of the healthy body side mirrored at the sagittal plane of the coordinate system (Fig. 9, right) .
In the next step, points on the border of the healthy hip joint are marked interactively as landmarks. The landmarks are approximated by a plane using the least square criterion (Fig. 9,  left) . The resulting plane is mirrored to the other hip side and used as a reference plane to determine the orientation of the artificial hip joint (Fig. 9, right) . Alternatively, standard values for the inclination and anteversion angles can be used to determine the orientation of the artificial hip joint. During the placement process, the inclination and the anteversion angle are computed according to the patient related coordinate system and displayed for each selected orientation of the artificial hip joint. After the construction of the 3D model of the individual implant, the model can be transferred to a conventional CAD/CAM system to manufacture the custom-made endoprosthesis.
Results and Discussion
The presented system VIRTOPS opens up new possibilities for the pre-operative planning of orthopaedic interventions in bone tumor surgery and the optimized design of implants. It enables a complete virtual planning and simulation of operations in three-dimensional virtual bodies. During the planning and construction process the system is used by surgeons and technicians as well. The main task of the surgeon is to define the position and the orientation of an optimal cutting plane in the tumorous hip bone. For the planning of the resection planes in the bone it is important to know the exact localization of the tumor.
The developed ROI based segmentation method enables the separation of the bone tumor in multispectral MR image data using cluster analysis techniques. The segmented bone tumor pixels are marked with a color in the T1-and the T2-weighted images. The correctness of the results of the semi-automatic segmentation procedure have been evaluated and confirmed by a radiologist.
A special registration method was introduced to match CT and MR image information within bony structures. The accuracy and robustness of the method were evaluated by simulations using a CT and a MR data set with a voxel size of
mm 3 . During the simulation the MR data set was translated and rotated around the x-, y-and z-axis by random before the registration starts. While the initial translation is described by the translation vector After the registration of the CT and MR data, bone structures extracted from the CT data and tumors segmented in MR image sequences can be visualized simultaneously in virtual planing system. Uniplanar cuts can be defined in selected 3D objects to resect the tumorous part of the hip. Based on the resected 3D hip model the construction of the custom-made endoprosthesis is done by technicians of an endoprostheses manufacturer. A prototype of the VIRTOPS system was used for the planning of hip operations with hemipelvic replacement, retrospectively. In the cases considered, a standard planning procedure has been performed using solid 3D models of the hip. During the planning processes the use of a 3D mouse and stereo images facilitate the use of the virtual planning system significantly. The described functionality of the VIRTOPS system was sufficient to perform a complete virtual simulation and construction of the endoprosthesis. In the cases considered, only the generation of an uniplanar cut was needed. However; in our further work the functionality of the system is extended to support the generation and processing of multiplanar cuts and the adaption of the endoprostheses to multiplanar resection planes.
In comparison to the conventional planning procedure using solid 3D models the virtual operation planning and construction of endoprosthesis shows several advantages. While the conventional planning and construction of custom-made endoprostheses an expensive solid 3D model has to be generated for each patient, the virtual planning of the operation and the determination of the geometry of the pelvic prosthesis is possible without the need to generate solid 3D models. Furthermore it is advantageous that the computer based operation planning enables the surgeon to compare different operation strategies given by varying cutting planes and their influence to the geometry of the implants in an easy way. While in solid 3D models only bony structures are represented, the combined use of MR and CT image information in the virtual planning system enable to show the position and expansion of the tumor within the bone. Moreover it is advantegeous that the complete planning procedure can be performed in one step as soon as the image data are available. The system enables the generation of digital 3D images and movies during the virtual planning process to document the operation plan as well as the construction of the endoprostheses. These 3D images or movies show a simulation of the operation and can be used for pre-operative patient information or for educational tasks as well.
Before the system can be used in the clinical routine the accuracy of virtual designed implant models as well as the individual fit of the implant has to be evaluated . Therefore, in the next step an evaluation of the virtual planning system will be performed together with the endoprostheses manufacturer ESKA Implants, Lübeck. The objective of the evaluation process is to show, that virtually constructed endoprosthesis are of a equal value as conventionally planned endoprostheses. For the evaluation of virtual planning and construction process a solid model of the virtually constructed endoprosthesis as well as a solid model of the resected hip is generated. Then, the virtually constructed implant is fitted into the resected hip bone as proposed by the virtual planning system and quality measures e.g. describing the symmetry of the femur positions on both body sides, the orientation of the hip joint planes on both body sides etc. are considered.
The VIRTOPS system, originally designed for the application described, builds an universal platform for the 3D planning and simulation of operations in orthopaedic surgery. It can also be applied to simulate the implantation of a prefabricated of the shelf prosthesis and to investigate its fit into an individual pelvic bone. Further developments of the system are going on with the objective to automate the interactive pre-processing steps and to support the intraoperative navigation in future. 
